Abstract-Abundances of Gulf menhaden (Brevoortia patronus) in the northern Gulf of Mexico (GOM) are heavily influenced by physical and biological processes that affect refuge and food availability. This study identified specific decadal and interannual responses in the recruitment of Gulf menhaden to local meteorological and hydrological regimes imposed by the coupling of Atlantic Multidecadal Oscillation (AMO) and North Atlantic Oscillation (NAO) phases and by El Niño Southern Oscillation (ENSO) events. Numbers of age-0 menhaden in fishery-independent surveys and numbers and proportions of Gulf menhaden ages 1-6 in commercial purse-seine landings in the northern GOM were used to investigate those responses. High postlarval abundance of Gulf menhaden (3.6/beam plankton haul) in the central region was related to the decadal wet regime associated with AMO cold and NAO positive phases. Elevated numbers of menhaden species (38.3/seine haul) in the western region were related to interannual wet regimes associated with ENSO warm and neutral events. High commercial landings of Gulf menhaden (10 million fish/vessel ton week) were related to the decadal average hydrological regime associated with AMO cold and NAO negative phases. Climate regimes may favor growth and survival by structuring offshore and inshore nursery habitats or by synchronizing release of larvae when offshore and inshore nursery conditions are favorable.
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Abstract-Abundances of Gulf menhaden (Brevoortia patronus) in the northern Gulf of Mexico (GOM) are heavily influenced by physical and biological processes that affect refuge and food availability. This study identified specific decadal and interannual responses in the recruitment of Gulf menhaden to local meteorological and hydrological regimes imposed by the coupling of Atlantic Multidecadal Oscillation (AMO) and North Atlantic Oscillation (NAO) phases and by El Niño Southern Oscillation (ENSO) events. Numbers of age-0 menhaden in fishery-independent surveys and numbers and proportions of Gulf menhaden ages 1-6 in commercial purse-seine landings in the northern GOM were used to investigate those responses. High postlarval abundance of Gulf menhaden (3.6/beam plankton haul) in the central region was related to the decadal wet regime associated with AMO cold and NAO positive phases. Elevated numbers of menhaden species (38.3/seine haul) in the western region were related to interannual wet regimes associated with ENSO warm and neutral events. High commercial landings of Gulf menhaden (10 million fish/vessel ton week) were related to the decadal average hydrological regime associated with AMO cold and NAO negative phases. Climate regimes may favor growth and survival by structuring offshore and inshore nursery habitats or by synchronizing release of larvae when offshore and inshore nursery conditions are favorable.
Gulf menhaden (Brevoortia patronus) spawn in offshore marine waters and juvenile development occurs in nearshore nursery areas. Spawning occurs in the late fall and winter, peaking between December and February (Gunter, 1945; Guillory and Roussel, 1981; Shaw et al., 1985; Christmas et al. 1 ). On the basis of the distribution of eggs, Fore (1970) noted that spawning occurred mainly over the continental shelf in the northcentral Gulf of Mexico (GOM) and that the greatest concentrations were found in waters between 8 and 70 m off Texas and Louisiana and near the Mississippi River Delta. Christmas and Waller (1973) and Sogard et al. (1987) also found high densities of larvae near the Mississippi River. Late-stage larvae recruit to estuaries during the winter and spring, and there they transform into juveniles and remain for several months before moving back to open Gulf waters (Suttkus, 1956 Waller, 1973) in the summer and fall (Suttkus, 1956) . After metamorphosis of larvae into juveniles, Gulf menhaden change their feeding habits from a carnivorous diet to an omnivorous filter-feeding diet.
The capacity of estuaries to support growth and development was considered by Reintjes (1970) to be critical to survival of young Gulf menhaden. A host of studies have examined the effects of meteorological and hydrological variables on recruitment success (numbers of juvenile fish moving into the estuary) and most have focused on annual fluctuations. More recent data indicate that global climate factors associated with decadal and multidecadal oscillations in the Pacific and Atlantic influence population abundances of estuarine species in addition to the annual and interannual factors noted in earlier studies.
The Pacific Decadal Oscillation (PDO), Atlantic Multidecadal Oscillation (AMO), North Atlantic Oscillation (NAO), and El Niño Southern Oscillation (ENSO) are associated with river flows across the continental United States (Tootle et al., 2005; Tootle and Piechota, 2006) . The combination of PDO, AMO, and NAO and the coupling of AMO and NAO phases were found to be important drivers of long-term flows in the Mississippi River and Atchafalaya River and in the Pearl River and Pascagoula River, respectively (Sanchez-Rubio et al., 2011a) . The effect of ENSO on river flow is more evident in smaller river basins closely associated with the Gulf Coast environment (Sanchez-Rubio et al., 2011a) .
Mississippi River flow is tightly linked to physical and biological processes associated with the development and survival of early stages of Gulf menhaden on the continental shelf and in estuaries of the northcentral GOM (Grimes and Finucane, 1991; Govoni and Grimes, 1992) . From fall through early spring, biological productivity is enhanced by offshore transport and upwelling induced by northerly (north-south wind direction) and easterly (east-west wind direction) winds. Vector winds (Hitchcock et al., 1997) spread and project the Mississippi-Atchafalaya River plume over shelf waters as far as 100 km (Riley, 1937) , resulting in a buoyant, nutrient-rich, freshwater mass with a welldefined frontal zone that veers westward in spring (Govoni et al., 1989; Govoni and Grimes, 1992; Hitchcock et al., 1997) . Gulf menhaden larvae aggregate in the river plume front on the continental shelf where the Coriolis force, wind speed, and wind direction shape the trajectory and properties of the plume that transports larvae (Govoni et al., 1989; Govoni and Grimes, 1992; Hitchcock et al., 1997) as far west as Texas (Dinnel and Wiseman, 1986) .
Mississippi-Atchafalaya river flow is positively related to the seaward projection and areal coverage of the plume (Wright and Coleman, 1971 ; Walker and Rouse 2 ) and to the influx of nutrient-rich river water (Bratkovich et al., 1994) . Seaward projection and areal expansion through high river discharge may prolong shoreward transport of larvae and increase vulnerability to predation (Govoni, 1997) . Nutrient enhancement (Riley, 1937; Lohrenz et al., 1990; Dagg and Whitledge, 1991) during high river discharge increases food availability and growth, thereby decreasing predation and increasing survival of Gulf menhaden larvae (Govoni, 1997) . The river plume eventually enters the coastal current (Cochrane and Kelly, 1986; Wiseman and Kelly, 1994) , exchanging water (Dinnel and Wiseman, 1986; Wiseman and Garvine, 1995) and transporting Gulf menhaden larvae (Govoni, 1993) between the current and the coastal boundary zone. Larvae, once they are within the coastal boundary zone, enter estuaries with the vernal rise in sea level (Shaw et al., 1985) .
Juvenile development takes place in the estuary. During this period, interannual, strong northerly winds (coming from the north) promote coastal upwelling, increase nearshore productivity, and produce extremely low tide levels along the Gulf Coast with a resultant die off of marsh vegetation (Kirby, 1972; Day et al., 1973) . This vegetation, accumulated during the winter, is later washed out by spring flood tides, stimulating spring plankton production (Guillory et al., 1983) . The availability of food is further increased by high river flow that introduces new organic material to inshore waters and re-suspends existing detritus (Deegan and Thompson, 1985; Madden et al., 1988) , fostering faster growth and increased survival of young Gulf menhaden (Deegan, 1990) . For early life history stages, food availability is a critical aspect of habitat suitability (Christmas et al., 1982; Deegan, 1986) , and climate plays a crucial role in the structuring of habitats. Despite the economic and ecological importance of Gulf menhaden, studies of climate-related hydrological regimes on population abundances have been limited primarily to the study of annual and interannual factors thought to influence survival of larvae and juveniles. In this study, the effects of decadal AMO and NAO phases as well as interannual ENSO events on northern GOM hydrological conditions were examined and related to abundances of menhaden documented in fishery-independent and fishery-dependent data.
Two other species of menhaden have overlapping distribution ranges with the Gulf menhaden (Tolan and Newstead, 2004) . In the western GOM, juveniles of the finescale menhaden (Brevoortia gunteri) may cooccur with Gulf menhaden, and juvenile populations in that area are therefore referred to in this manuscript as menhaden species (Tolan and Newstead, 2004; Anderson and Karel, 2014) . The range of yellowfin menhaden (B. smithi) overlaps that of Gulf menhaden in the eastern portion of the northern GOM; however, estuarine collections of Brevoortia in Alabama bays have yielded only Gulf menhaden (Boschung et al., 2004) . Menhaden in fishery-independent studies in the central GOM (Louisiana, Mississippi, and Alabama) are almost exclusively Gulf menhaden (SEDAR 3 ). A host of studies have examined stock structure in the northern GOM, and all reveal that the fishery is composed of Gulf menhaden and other menhaden species, the latter of which represent less than 1% of the harvest (VanderKooy and Smith 4 ).
We examined fishery-independent data and fisherydependent data to identify the responses of menhaden populations to local meteorological and hydrological conditions imposed by the coupling of AMO and NAO phases and by ENSO events. Fishery-independent data included data 1) on Gulf menhaden from surveys conducted with beam plankton trawls [BPLs] in the central region, 2) on Gulf menhaden from seine hauls in the central region, and 3) menhaden species from seine hauls in the western region. Fishery-dependent data included numbers and proportions of Gulf menhaden by age captured in the reduction purse-seine fishery. Meteorological conditions used in analyses were north-south and east-west wind momentum, precipitation, and air temperature, and hydrological conditions comprised sea-surface temperature (SST), Palmer Drought Severity Index (PDSI), river flow, and Mississippi River nitrogen to phosphorus (N:P) ratio.
Materials and methods
Data sets and sampling locations used to identify responses of juvenile (age 0) and adult (ages 1-6) populations of Gulf menhaden to local meteorological and hydrological conditions imposed by the coupling of AMO and NAO phases and by ENSO events are presented in Table 1 and Figure 1 , respectively. Table 1 provides details on periods and sources of climatological, meteorological, hydrological, and biological data used in our analysis of the effect of climate-related factors on the (Texas) . Annual values of wind momentum (northsouth and east-west directions), SST, and Mississippi River nutrient influx (N:P ratio) were calculated for the months in which larvae of Gulf menhaden inhabit offshore waters. Annual values of air temperature, precipitation, PDSI, and sea level were calculated for the months critical to the inshore growth and development of early life history stages of Gulf menhaden. Annual catch values were calculated by using catch data collected for the months in which juveniles and adults were sampled by fishery-independent and fishery-dependent methods.
The lag in months among AMO, NAO, and ENSO indices and meteorological and hydrological response parameters in offshore waters of the northern GOM (wind momentum and SST), in central and western Gulf Coast regions (air temperature, precipitation, PDSI, and river flow), and in the Mississippi River nutrient influx (N:P ratio) was in agreement with the lag reported by Sanchez-Rubio et al. (2011a) . Those authors reported a monthly lag in hydrological responses (e.g., river flow input) in the northcentral GOM to changes in AMO, NAO, and ENSO phases. Table  1 for sources of AMO, NAO, and ENSO data). Use of new historical and observational data increased the time period of survey coverage and allowed for more accurate interpretation of climate descriptors. For this study, years classified within phases of AMO, NAO, and ENSO from 1962 to 2010 were considered.
Decadal AMO and NAO phases and interannual ENSO events
The AMO cold and warm years were defined as years with below-average and above-average SST across the North Atlantic from 0° to 70°N (Enfield et al., 2001 ). The NAO negative and positive years were defined as years with below-average and above-average meridional oscillation in sea-level pressure between Iceland and the Azores (Hurrell and Van Loon, 1997) . The ENSO warm and cold years were defined as years with above-average (>0.75°C) and below-average (< −0.75°C) SST in the Niño 3.4 region of the equatorial Pacific, the area defined by 120-170°W and from 5° S to 5°N (Rogers and Coleman, 2003) . Years were considered ENSO neutral years when SST deviated between −0.75°C and 0.75°C from the average conditions.
The characterization of years within AMO phases described by Sanchez-Rubio et al. (2011a) were modified in this study; years with more than 9 consecutive months of above-average or below-average conditions were characterized as AMO warm or cold years. As a result, the AMO warm year in 1965 (Sanchez-
Figure 1
Map of the northern Gulf of Mexico showing the NOAA climate divisions from the western (Texas: TX6-10) and central (Louisiana, LA5-9; Mississippi, MS10; Alabama, AL8; and Florida, FL1) regions, the locations of stations from the U.S. Geological Survey near St. Francisville, Louisiana (1 blue dot seen at boundary between LA5 and LA6), the NOAA National Data Buoy Center (2 orange dots offshore), and the Global Sea Level Observing System (2 green dots), and the sites where biological data were collected with seines (red dots) and beam plankton trawls (yellow dots).
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Rubio et al., 2011a) was reclassified as an AMO cold year.
The long-term phases of NAO were identified according to the proportion of total number of seasonal values (winter: January-March; spring: April-June; summer: July-September; and fall: October-December) that were negative and positive within a long-term NAO phase. A long-term period with a higher proportion of negative seasonal values was classified as a NAO negative phase, and a long-term period with a higher proportion of positive values was identified as a NAO positive phase. If the NAO negative and positive phases also had negative and positive averaged values, the above classification of phases of NAO was confirmed. The NAO positive (1959, 1995, 1996) and NAO negative (1971 NAO negative ( , 1972 
Meteorological and hydrological data for coastal divisions
Data sets of monthly precipitation, PDSI, and air temperature were obtained by climate division, the spatial scale by which the NOAA National Climate Data Center divides data from stations within a state. Data sets were acquired for 17 climate divisions along coastal areas from Texas to Florida: Texas (divisions TX6-10), Louisiana (divisions LA5-9), Mississippi (division MS10), Alabama (division AL8), and Florida (divisions FL1-5). Monthly precipitation (in inches to the hundredths place) and PDSI values were averaged for the water year (defined as September of the current year to August of the subsequent year) from 1899 through 2011. Annual precipitation values were converted into millimeters. Monthly (November-March) air temperature values were averaged across the period 1899-2011.
To compare hydrological conditions (precipitation and PDSI) among climate divisions, single linkage (nearest neighbor) agglomerative clustering based on Pearson correlation coefficients was carried out with SPSS Statistics 5 software, vers. 20.0 (IBM Corp., Armonk, NY). Three clusters of precipitation and PDSI climate divisions from the eastern (FL2-5), central (LA5-9, MS10, AL8, FL1), and western (TX6-10) regions were found along the Gulf Coast. A Mann-Whitney test was used to test differences among correlation coefficients in groups derived from the cluster analysis. When the null hypothesis of no difference was rejected, annual values of precipitation, PDSI, and air tempera-ture from grouped climate divisions were averaged to obtain data sets for each variable by region.
For this study, annual environmental data sets were restricted to the western and central regions (from Texas to Alabama) where data were collected for menhaden. Annual regional anomalies were calculated by subtracting the average value by year from the annual value of wind momentum (north-south and east-west directions) and air temperature. Annual values of air temperature (November-March) and sea level (November-May) were taken for the months that corresponded to the recruitment of Gulf menhaden to inshore nursery habitats and to their early juvenile development. Annual values of precipitation, PDSI, and river flow were calculated for the period September-August, the months of early inshore development. Annual regional anomalies were calculated by subtracting the average value by year from the annual value of river flows.
Meteorological and hydrological data: offshore waters
Hourly SST, wind speed, and wind direction were obtained from offshore monitoring stations (platform 42001, monitored since 1975, and platform 42002, monitored since 1973) maintained by the NOAA National Data Buoy Center (available at website). Hourly values of SST were transformed to daily and monthly values by using averaged values for each of the buoys. To increase the number of available years, we averaged highly correlated (coefficient of correlation [r]=0.946, P<0.001) monthly values of SST from buoys at both stations. Because of the potential influence of SST on the development of Gulf menhaden larvae, annual average values of SST were calculated for the spawning season of Gulf menhaden (October of the previous year to March of the following year).
For each of the stations, hourly values of wind direction were used to categorize winds as easterlies, westerlies, northerlies, or southerlies. Wind data from each direction were treated separately. Hourly wind speed data were averaged and transformed to daily and monthly values. Hours of recorded winds from each direction were added to obtain monthly values. Because the sampling hours were different among months, the monthly hours for each direction of the wind were divided by the total monthly hours when wind direction was sampled. Monthly values of wind speed and direction were correlated (r>0.726, P<0.001), and data from both stations were averaged. These data were used to calculate wind stress (T), measured as newtons per square meter:
where ρ (the density of air) = 1.225 kg/m 3 ; U 10 (wind speed in m/sec) = wind speed at 10 m above the water surface; and CD = the drag coefficient for which Smith (1980) proposed a formula to calculate CD:
The monthly values of T were multiplied by the proportion of monthly hours to obtain wind momentum.
To encompass transport-recruitment processes, annual average values of wind momentum (north-south and east-west wind directions) were calculated from October of the previous year to March of the following year, the months when larvae inhabit offshore nursery habitats and early juveniles recruit to estuaries.
Riverine influx of nutrients
The predicted monthly loads of nutrients for the Mississippi River from October 1974 through September 2011 were obtained from the U.S. Geological Survey (USGS, data available from website). Monthly influx of nutrients (in metric tons) for the mainstem Mississippi River Basin was based on approved water quality data near St. Francisville, Louisiana, and represented stream flows from the Mississippi River at Tarbert Landing, Mississippi, and near Knox Landing, Louisiana, and Thebes, Illinois, and from the Ohio River at Metropolis, Illinois. Monthly concentrations of nutrients were averaged for the water year (September of the previous year to August of the following year). Those months covered the period of early offshore and inshore development of Gulf menhaden. The potential conditions limiting the availability of nutrients were evaluated by calculating the annual average ambient N:P ratio in water (Smith, 1984) and by comparing that value with the average value of ambient N:P ratio in phytoplankton (Redfield, 1958) .
Biological data
Fishery-independent data on abundances of menhaden postlarvae and juveniles were acquired from BPL samples in Mississippi Data from seine surveys in Alabama, Mississippi, and Louisiana were grouped into a single data set for the central region (sampling gear and protocols used for surveys in these states are similar and follow those of Christmas [1973] ), and data from seine surveys in Texas were placed in the western region. Detailed specifications for seine collections are found in SEDAR. 67891011 In Alabama and Mississippi, smallmesh BPLs with 1.6-mm-mesh wings and a 750-µ codend were used, and data from sampling with these BPLs were grouped to form a single data set. The BPL is described in Renfro (1963) . Catches in BPL hauls comprised late-stage larvae and postlarvae (11-20 mm standard length [SL]); catches in seine hauls were primarily postlarvae and early juveniles (17-49 mm SL). According to Shaw et al. (1988) , lengths for postlarval Gulf menhaden range between 15 and 25 mm SL. Transformation to the juvenile stage begins at ~20 mm SL and ends at ~30 mm SL (Suttkus, 1956; Hettler, 1984) .
Fishery-independent surveys have been conducted in Texas estuaries from 1977 to the present, in Louisiana since 1986, in Alabama since 1981, and in Mississippi from 1973 to the present. Disparity in survey periods, sampling effort, and areal coverage between years and among and within bay systems complicated comparisons of abundance among and within areas in early years with the result that periods of abundance were restricted to those years with adequate sampling coverage and effort. The following years and months were analyzed for this study: seine data, all states, 1985-2008 (January-August); BPL data, Mississippi and Alabama, 1981-2008 (November-May) . Yearly catch was calculated by month and gear mentioned above. Annual catch by station within each bay system was calculated by dividing the total catch by the total number of hauls. To obtain yearly catch for each of the 19 bay systems, the annual catches from the stations within a bay system were added and then divided by the number of stations in that system. The catches from bay systems within a region were added and then divided by the number of bay systems within that region to produce a regional annual catch for relevant gear types. Data were analyzed regionally in a manner that ensured equality across each study area (the same weight was given to each station and each bay system).
The purse-seine fishery for menhaden has been in operation since the late 1940s. Gulf menhaden dominate this fishery, and finescale and yellowfin menhaden compose less than 1% of the annual landing (Ahrenholz, 1981 12 Descriptions of the fishery-dependent data and the method used to generate that time series are provided in Vaughan et al. (2007) . Total landings of Gulf menhaden, numbers and proportions of fish by age per vessel-ton-week (vtw, defined as the net tonnage of a vessel multiplied by the number of weeks that vessel unloaded fish at least one day (Smith, 1991) , were used in this study.
Analyses
Annual meteorological data (air temperature and north-south and east-west wind stress), hydrological data (precipitation, PDSI, river flow, sea level, SST, and Mississippi River N:P ratio) and biological data (fishery-independent age-0 abundance of Gulf menhaden in the central region and of menhaden species in western region; fishery-dependent numbers and proportions of Gulf menhaden in commercial landings) were compared among decadal regimes associated with the couplings of AMO cold and NAO negative (average regime: 1964-1970) , AMO cold and NAO positive (wet regime: 1971-1994) , and AMO warm and NAO negative (dry regime: 1995-2010) phases and among interannual regimes associated with ENSO warm events (wet years: 1963, 1965, 1968-1969, 1972, 1976-1977, 1982, 1986-1987, 1991-1994, 1997, 2002, 2004, 2006, 2009), neutral events (average years: 1962, 1966-1967, 1971, 1978-1981, 1985, 1989-1990, 1995-1996, 2001, 2003) , and cold events (dry years: 1964, 1970, 1973-1975, 1983-1984, 1988, 1998-2000, 2005, 2007-2008, 2010) . Nonparametric rank-sum tests (Kruskal-Wallis H-test, χ 2 statistic; Mann-Whitney U-test, Z statistic) were performed with SPSS Statistics, vers. 20.0, on the meteorological, hydrological, and biological responses imposed by the coupling of AMO and NAO phases and by ENSO events. To adjust the P-values for multiple comparisons, the alpha level of each individual test was adjusted downward by using the Bonferroni correction method. Linear associations among abiotic variables were checked with the variance inflation factor to quantify the severity of collinearity. This test was performed with linear regression analysis in SPSS, vers. 20.0. To linearize relationships and approximate normality, annual river flows from the western region were logarithmically transformed and annual north- 12 south wind values were cube-root-transformed. All abiotic variables were standardized to a mean of 0 and variance of 1 by subtracting the mean and dividing by the standard deviation. Two multivariate techniques were used to determine the relationships between abundance of menhaden and climate-related meteorological and hydrological variables. Principal component analysis (PCA) was used on the correlation matrix of abiotic variables to reduce data. The PCA transformed the original set of variables into a smaller set of orthogonal linear combinations of abiotic variables that account for a major portion of the variance in the original set (Chatfield and Collins, 1980; Dillon and Goldstein, 1984) . A high number of abiotic variables were reduced to few principal components by using the factor procedure in SPSS Statistics, vers. 20.0. The scree plot was examined to determine where the curve started to flatten between principal components, and only the components with eigenvalues higher than 1 were retained for interpretation. The component scores that were retained were correlated against annual abundances of age-0 Gulf menhaden in BPL and seine hauls in the central region, annual abundances of age-0 menhaden species in seine hauls in the western region, and annual landings (numbers and proportions) of Gulf menhaden by age from offshore waters of the area studied in the northern GOM.
Because abundance determined with BPL surveys in the central region was not linear, those annual values were cube-root-transformed. Covariability between principal components and biotic variables was examined by performing a Pearson correlation analysis in SPSS Statistics, vers. 20.0. To adjust the P-values for multiple correlation analyses, the alpha level of each individual test was adjusted downward with the Bonferroni correction method. In the case of significant correlations, it was assumed that the variables with larger eigenvectors (coefficients of structure or correlations) for the axis were the ones that most influenced the abundance of Gulf menhaden. Further covariability analysis was performed between the actual climaterelated meteorological and hydrological variables and data on fishery-independent catches and fishery-dependent landings of menhaden species. The alpha level of each individual test was also adjusted downward with the Bonferroni correction method.
To identify models of climate-related meteorological and hydrological parameters that contributed to the variability in recruitment of menhaden from Alabama through Texas, the retained component scores were used as predictors of fishery-independent catches (abundances of age-0 Gulf menhaden per BPL or seine haul in the central region and abundances of age-0 menhaden species per seine haul in the western region) and fishery-dependent landings (numbers and proportions of age-1 Gulf menhaden per vtw) in an automatic linear modeling procedure in SPSS Statistics, vers. 20.0. A predictive model was developed by regressing fishery-independent recruits to age 0 (R 0,t ) and fishery-dependent recruits to age 1 (R 1,t+1 ) on principal components (PC) of climate-related meteorological and hydrological parameters in years t with t equal to 1981-2008 for recruits to age 0 and 1964-2010 for recruits to age 1,
where b 0 , b 1 , and b 2 are estimated parameters; and error ε is normally distributed ε ∼N(0,σ 2 ).
To find the best-fitting model, the model selection method of best subsets was used with Akaike's information criterion (AIC; Akaike, 1981) . The models with the lowest AIC values were considered most reliable and their coefficients of determination (r 2 ) were recorded.
Results
Climate-related meteorological and hydrological regimes and population levels of menhaden
Analyses of fishery-independent data Influence of decadal and interannual climate-related meteorological and hydrological regimes on early juveniles of Gulf menhaden was evident. Early juvenile abundances from the BPL surveys in the central region (Z= −2.212, P=0.027; Fig.  2A ) and the N:P ratio of the Mississippi River influx (Z= −2.520, P=0.012; Fig. 2B ) were higher during the decadal wet regime than during the decadal dry regime. During the wet regime, Mississippi River waters had an average N:P ratio closer to the Redfield (1958) ratio of 16:1, a ratio that indicates no limitation in N. During the dry regime, Mississippi River waters had an average N:P ratio of less than 10, a value that usually indicates conditions under which phytoplankton production is nitrogen limited (Ram and Plotkin, 1983; Sakshaug and Olsen, 1986) . Abundance of early juveniles from seine surveys was higher in the central region than in the western region (Texas, Z= −5.938, P<0.001), supporting the need for a regional analysis of data. Mean ranks of seine catches (χ 2 =8.814, P=0.012) and air temperature (χ 2 =7.066, P=0.029) in the western region and of PDSI in the central and western regions (χ 2 >9.858, P<0.007) were different among ENSO events. Seine catches of early juveniles in the western region (Z< −2.441, P<0.016; Fig. 3A ) and of PDSI in the central region (Z< −2.620, P<0.010; Fig. 3B ) were higher during wet and average ENSO years than during dry ENSO years. In addition, PDSI in the western region was higher during wet ENSO years than during dry ENSO years (Z= −2.928, P=0.003; Fig. 3C) .
With principal component analysis we extracted 5 components of climate-related meteorological and hydrological parameters associated with BPL catches of Gulf menhaden (Table 2 ). Correlation analysis of BPL catches with the 5 extracted principal components showed that catches of early juvenile Gulf menhaden 
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in BPL hauls in the central region were correlated with the third (r= −0.494, P=0.010) and fifth (r=0.624, P=0.001) extracted components. In order of importance, the variables loaded on the third extracted component were air temperature from the central region, northsouth and east-west wind directions from offshore waters, NAO from the North Atlantic Ocean, air temperature from the western region, river flow from the central region, and PDSI and precipitation from the western region. In order of importance, the variables loaded on the fifth component extracted were cube-root-transformed N:P ratio of Mississippi River influx and north-south wind direction. Correlation analysis of BPL catches with the actual environmental variables showed that catches in the BPL hauls were correlated with the cube-root-transformed Mississippi River N:P ratio (r=0.670, P<0.001). Although numbers of early juveniles in seine hauls were not related to any of the extracted components, abundances of early juveniles in seine hauls in the western region were correlated with cube-root-transformed Mississippi River N:P ratio (r=0.591, P=0.002). These results indicate that high (3.6/BPL haul) abundances of age-0 Gulf menhaden from BPL hauls in the central region and high (38.3/ seine haul) abundances of age-0 menhaden species from seine hauls in the western region were found during periods of a high (2.3) N:P ratio of Mississippi River influx. Multiple regression analyses were performed between abundance of Gulf menhaden from fishery-independent BPL surveys and the 5 extracted components. According to the regression models developed from AIC, 2 significant predictors (third and fifth components) with negative and positive regression coefficients, respectively, explained 60% of the variance contained in cube-root-transformed BPL catches of early juvenile Gulf menhaden (Table 3 , Fig. 4A ). These results indicate that the variability in abundance of age-0 Gulf menhaden was partially explained by climate-related meteorological and hydrological conditions in the northern GOM.
Analyses of fishery-dependent data Mean ranks of commercial harvest (numbers and proportions of age-1 Gulf menhaden; χ 2 >7.340, P<0.026) and climate-related hydrological parameters (precipitation, PDSI, river flow, and sea level in the central region and sea level in the western region; χ 2 >6.041, P<0.05) were different among the coupling of AMO and NAO phases. Proportions of age-1 Gulf menhaden in landings (Z= −2.982, P=0.003; Fig. 5A ), PDSI (Z= −2.429, P=0.015; Fig. 5B ), and river flow (Z= −2.595, P=0.009; Fig. 5C ) in the central region were higher during the decadal wet regime than during the decadal dry regime. Numbers (Z= −2.673, P=0.008; Fig. 6A ) and proportions (Z= −3.274, P=0.001; Fig.  5A ) of age-1 fish in landings were higher during the decadal average regime than during the dry regime, but sea level (Z< −2.672, P<0.009) in the western (Fig.  6B) and central (Fig. 6C) regions was lower during the decadal average regime than during the dry regime.
Principal component analysis revealed 3 components of climate-related meteorological and hydrological parameters associated with Gulf menhaden commercial landings (Table 4) . Correlation analysis of commercial landings with the 3 extracted principal components showed that landings of age-1 Gulf menhaden were correlated with 1 of the 3 extracted components. Numbers (r= −0.689, P=0.000) and proportions (r= −0.571, P=0.000) of age-1 Gulf menhaden were correlated with the second component. In order of importance, the variables loaded on the second extracted component were Table 2 The 5 extracted principal components of climate-related meteorological and hydrological variables that are considered to have influenced the variability of catches of Gulf menhaden (Brevoortia patronus) in beam plankton trawl (BPL) surveys from 1981 through 2008 in the northern Gulf of Mexico. E-W=east-west; N-S=north-south; N:P=nitrogen to phosphorus ratio. Data were divided into 2 climate regions: central (Louisiana, Mississippi, Alabama, and Florida panhandle) and western (Texas). air temperature from the western and central regions, sea level from the western and central regions, and PDSI from the western region. Correlation analysis of commercial landings with environmental variables showed that numbers and proportions of age-1 Gulf menhaden were correlated with air temperature and sea level in the western region (r< −0.485, P<0.002): high numbers (10 million fish/vtw) and proportions (74%/vtw) were found during periods of low (0.87ºC below average) air temperature and (6954 mm) sea level. Low (6.2 million fish/vtw) numbers of age-1 Gulf menhaden were correlated with high (0.47ºC above average) air temperature and (7258 mm) sea level (r< −0.446, P<0.003) in the central region. High (74%/vtw) proportions of age-1 Gulf menhaden in fishery landings were correlated with AMO cold years (r= −0.497, P=0.000).
Multiple regression analyses were performed to determine which of the 3 extracted components individually or combined best resembled the variability of fishery-dependent landings of Gulf menhaden. According to the regression models developed from AIC, a significant predictor (second component) with a negative regression coefficient explained 46% of the variance contained in the numbers of age-1 Gulf menhaden (Table 3 , Fig.  4B ). In addition, 2 significant predictors (first and second components) with positive and negative regression coefficients, respectively, explained 34% of the variance contained in the proportion of age-1 Gulf menhaden in landings (Table 3 , Fig. 4C ).
Discussion
Differences in responses of menhaden to decadal and annual meteorological and hydrological regimes were evident in this study, providing additional support for the notion that climate plays a role in structuring suitable habitat and, therefore, in survival of larvae and juveniles of menhaden. The specific meteorological and hydrological conditions identified as determinates of abundance estimates, however, differed from those identified in past studies. We found that a high recruitment of menhaden postlarvae (3.6/BPL haul), juveniles (38.3/seine haul), and age-1 fish in landings (10 million/vtw) was associated with cold, wet spawning and recruitment seasons characterized by high PDSI (0.45) and coastal river flow (401.6 m 3 /s above average), by a Mississippi River N:P ratio of 2.3, and by low sea level (7065 mm); low recruitment occurred in warm, dry seasons. In contrast, Guillory et al. (1983) found that elevated juvenile recruitment was associated with cold, dry winters and poor recruitment with warm, wet winters. Contradictory results between studies may be related to 1) differences in data selected for analysis, 2) gear types and associated differences in life history stages and habitats, and 3) spatial and temporal differences in the characterization of meteorological and hydrological conditions that drive recruitment of menhaden species.
Data reviewed in the Guillory et al. (1983) and Govoni (1997) studies span what the authors described as wet regime (throughout the coupling of AMO cold and NAO positive phases) characterized by high (2.3) cuberoot-transformed N:P ratio of Mississippi River influx than during other considered regimes.
The importance of nutrients to recruitment was evident in this study. The Mississippi River N:P ratio and north-south wind direction explained 41% of variability in abundance of early juvenile Gulf menhaden. In Louisiana, northerly winds produce extremely low tides, high transport of organic material into open waters, and strong upwelling events (Moeller et al., 1993) . The contribution of other environmental factors, such as NAO, east-west wind direction in offshore waters, air temperature and river flow in the central region, and PDSI, precipitation, and air temperature in the western region, accounted for 21% of the variability.
Commercial landings also showed decadal fluctuations in the proportion of age-1 Gulf menhaden in relation to the total landings, measured as numbers of fish per vtw. The proportion of age-1 Gulf menhaden in the catch (Alabama-Texas) was significantly higher during the decadal cold, wet regime characterized by high (0.56) values of PDSI and high (401.6 m 3 /s above average) river flows in the central region than during the decadal warm, dry regime. A decrease in both early juvenile abundance (fishery-independent surveys) and the proportion of age-1 fish in the commercial landings occurred with the 1995 shift in climate regimes from cold and wet to warm and dry, indicating diminished recruitment over the warm, dry period. Although the abundance of age-1 fish in commercial landings decreased, the numbers of Gulf menhaden of ages 2-6 remained stable with a slight increase observed for age-2 fish (Vanderkooy and Smith 4 ). The increase in numbers and relative stability of age-2 fish in commercial landings indicated continued recruitment to the fishery.
2 climate periods, a series of years of low river flows followed by years of high river flows. Sanchez-Rubio et al. (2011a) and Sanchez-Rubio and Perry, 13 using climatic indices that spanned the time period preceding and during the low river flow conditions of Guillory et al. (1983) and high river flow period of Govoni (1997) , characterized the years during their studies as average (1964-1970) and high (1971-1994) river flow periods. The high river flow regime ended in 1994 and was followed by low river flow conditions brought on by a change in the phases of AMO and NAO in 1995 (Sanchez-Rubio and Perry 13 ) .
At the decadal scale, Govoni (1997) found increased numbers of Gulf menhaden under conditions of high river flow in the years following 1975. He attributed this increase to enhanced nutrient availability and suggested "discharge of the Mississippi River was positively associated with recruitment over decadal scales." A relationship between decadal oscillations of Mississippi River flow and abundance of another estuarine organism, the blue crab (Callinectes sapidus), was reported by Sanchez-Rubio et al. (2011b) . Both blue crab and Gulf menhaden in northern GOM estuaries appear to respond positively to wet regimes, although the factors responsible for driving abundances differ between the 2 species. Decreased predation, associated with a reduced predator guild in waters with lowered salinities, was found to be responsible for increased numbers of juvenile blue crab during wet regimes. In this study, decadal abundance of early juvenile Gulf menhaden in the BPL surveys was higher during the decadal cold, 13 The steady decreases in age-0 and -1 Gulf menhaden that have been observed since 1964 may have been a function of the fishery-dependent and fishery-independent sampling strategies and changes in the physiography of nearshore environments in the northern GOM. Fixed fishery-independent sampling stations may account for some portion of the perceived decline in abundance of early juvenile Gulf menhaden as fish moved farther up into estuaries in response to elevated salinities (Vanderkooy and Smith 4 ). The downward trend of age-1 Gulf menhaden in commercial landings (numbers and proportions) from 1964 to 2010 was accompanied by a steady rise of sea level in the study area. Numbers and proportions of age-1 Gulf menhaden in commercial landings were high (10 million fish/vtw; 74%/vtw) during the decadal average hydrological regime characterized by low (6954 mm) sea level. Proportion of age-1 Gulf menhaden in commercial landings was average (61%/vtw) during the decadal cold, wet regime characterized by high (0.56) PDSI and high (401.6 above average) river flows. Numbers and proportions of age-1 Gulf menhaden in commercial landings were low (6.2 million fish/vtw; 44%/vtw) during the decadal warm, dry regime with high (7016 mm) sea level, low (-0.57) PDSI, and low (247.6 belowaverage) river flows.
Changes in the physiography of estuaries due to sea level rise and conversion of wetlands to open water may play a major role in structuring inshore nursery habitats for Gulf menhaden, and declining numbers of age-1 fish in the commercial harvest may reflect a response to those changes. The stable numbers of age-2 fish in the commercial harvest indicate that age-1 Gulf menhaden were remaining in nearshore waters and entering the fishery at a later age (SEDAR 3 ). Air temperature and sea level in the western and central regions and PDSI in the western region explained 46% and 32% of the variability in numbers and proportions of age-1 Gulf menhaden. Only an additional 1% of the variability in proportion of age-1 Gulf menhaden was explained by adding meteorological and hydrological factors, such as PDSI from the central region and precipitation and river flows from the central and western regions.
The influence of Mississippi River discharge on annual recruitment of Gulf menhaden has been analyzed over the last 30 years. Previous studies found an inverse annual association between Mississippi River discharge (November-March) and estimates of juvenile recruits (Guillory et al., 1983; Govoni, 1997; Vaughan et al., 2000 Vaughan et al., , 2007 . Govoni (1997) explained this relationship by suggesting that high flow of the Mississippi River and the resultant plume pushed larvae farther offshore, prolonging shoreward transport of larvae and increasing larval vulnerability to predation. Results of this study indicate a positive association between ENSOrelated meteorological (e.g., northerly cold winds) and hydrological (e.g., river discharge and flooding events) conditions and the recruitment of Gulf menhaden-a finding that is contradictory to the results of these previous studies.
The influence of ENSO on recruitment of Gulf menhaden can be explained by its effect in structuring suitable offshore and inshore nursery habitats. In offshore waters, high seaward projection and areal coverage of the nutrient-rich plume of the Mississippi River are driven by the strong, coastal upwelling and high river flow associated with meteorological (e.g., frequency of cold fronts and, therefore, low air temperatures associated with northerly winds; Henderson and Vega, 1996) and hydrological (e.g., precipitation; Douglas and Englehart, 1981) conditions related to the warm phase of ENSO. These conditions have the potential to enhance larval development and survival of Gulf menhaden (Riley, 1937; Dagg and Whitledge, 1991; Grimes and Finucane, 1991; Hitchcock et al., 1997) . In the intertidal zone, extreme winter low tides and cold temperatures associated with meteorological (e.g., northerly cold winds and cold fronts; Henderson and Vega, 1996) conditions related to the ENSO warm phase produce an accumulation of detritus through the die off of marsh grasses (Kirby, 1972; Day et al., 1973) . In spring, plant detritus collected during the winter is washed to open waters by flooding events produced by the prevailing southeasterly winds. During this season, juveniles move from the intertidal zone to open waters, where the availability of detritus as a food source becomes crucial for their development and survival (Darnell, 1958) .
